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Preface
The purposes of this report are to:
(1) Provide an overview of issues involved in residential ventilation; (2) Provide an overview of the various ventilation strategies being evaluated by the five teams, or consortia, currently involved in the Building America program; and (3) Identify unresolved technical issues.
This report does not identify a "best" approach to residential ventilation. Continued field testing and evaluation of various approaches in various climates seems likely to yield further understanding of the tradeoffs involved. Rather, the intent of this study is to aid in assimilating the thinking and experience in this area to date. All of the Building America teams have cooperated in assembling and reviewing the information in this report, which has been prepared at NREL between October 2000 and March 2001.
Plans for future phases of this study include (1) evaluating the ventilation test data that have been collected by NREL and the various Building America teams and (2) providing some guidance to the building industry regarding recommended approaches to residential ventilation. 
I. Overview of Ventilation Issues
In occupied buildings, ventilation (either natural or mechanical) is necessary to maintain acceptable indoor air quality (IAQ). At the same time, when buildings are heated or cooled, ventilation often constitutes a relatively large component of the heating or cooling load. In the past few decades, concerted efforts have been made to conserve energy by making buildings "tighter" (i.e., less prone to air leakage). Unfortunately, the success of that effort has exacerbated concerns about health, comfort, and other problems related to poor IAQ. The basic goal of the Building America program (Building America, 2000) is to foster the widespread construction of homes that are energy efficient, healthy, comfortable, and affordable. Thus, all of the Building America teams are making efforts to improve upon current practices by designing and implementing ventilation systems that provide adequate IAQ as energy efficiently and economically as possible. Numerous authors have discussed specific concerns and strategies toward this end (see References in Section VII). A brief overview of this material follows before the approaches of the various teams are described.
A. IAQ Concerns
People and pets need clean air to breathe. The primary challenge in designing ventilation systems is the control of pollutants that degrade air quality, in conjunction with the control of contaminant sources. A wide variety of pollutants from various sources must be maintained at sufficiently low concentrations for acceptable IAQ. Sources of indoor air pollutants include the following:
• Outside Air: Outdoor pollutants such as carbon monoxide (CO), sulfur dioxide (SO 2 ), oxidants (ozone), particulates, pollens, insecticides, herbicides, etc., may enter the building via natural or mechanical ventilation.
• Occupants: The people and pets that occupy buildings produce carbon dioxide (CO 2 ), odors, moisture, and pet dander (an allergen).
• Combustion: Combustion appliances such as fireplaces, furnaces, spot heaters, cook stoves, and water heaters generate CO 2 , CO, various nitrogen-and sulfurcontaining by-products (NO x and SO x ), moisture, particulates, etc. (These should be vented directly to the atmosphere, but problems in this regard are discussed below.) Cigarette smoke may also be listed as a combustion product.
• Building Materials and Furnishings: Particle board, fiberglass, asbestos, caulks, paints, gypsum joint compound, solder, fabrics, etc., may emit (by "outgassing" or "offgassing") volatile organic compounds (VOC's, including formaldehyde), particulates, and heavy metals such as lead and mercury, found mostly in older construction.
• Cleaning Compounds: Household cleaning products may emit VOC's or other chemicals.
• Surrounding Soil: Radon gas and moisture may enter the building through the basement or crawl space from the soil surrounding the building.
• Pests: Dust mites, cockroaches, mice, and other pests, if present, can cause significant health problems through their allergens from fecal material, body parts, and urine.
Problems with excessive moisture in the air include microbes, such as mold, bacteria, and dust mites (an allergen), and condensation damage to the building structure (rot, mold, mildew, and ice build-up). Particulates may be classified as "inhaled particles," of size 10-20 microns (e.g., fiberglass, most pollens, dust mite feces), causing allergy-type symptoms, and "respirable particles," less than 10 microns in size (e.g., asbestos), causing more serious lung diseases.
B. The Required Amount of Ventilation
Numerous standards quantify the amount of ventilation that is required for acceptable IAQ. In the United States, where the Building America program is implemented, the predominant ventilation standard for site-built housing is ASHRAE 62 (ASHRAE, 1999) . In addition, a new ventilation standard specifically for residences, ASHRAE 62.2P (ASHRAE, 2000) , is currently in a draft and review stage. ASHRAE 62 provides two alternative criteria for determining an adequate amount of ventilation:
The ventilation rate procedure is the method most often used to meet the requirements of the standard. The basic criterion is to supply at least 0.35 air changes per hour (ACH) or 15 cfm per person (whichever is greater), with some variation in these figures for special cases. In the public review draft of ASHRAE Standard 62.2P dated 8/11/00, the prescribed ventilation rate amounts to 15 cfm per person plus 0.075 ACH. More recently, lower rates are being considered.
The indoor air quality procedure is an alternative to a prescribed rate of airflow in ASHRAE 62. With this method, a set of maximum allowable concentration levels for various pollutants serves as the criterion. A "demand control" approach to ventilation, based on this criterion, is discussed in Section I.F.7.
For manufactured housing in the United States, the applicable standard is HUD 24 CFR Part 3280 (HUD, 1994) . This standard also stipulates a minimum of 0.35 ACH. An allowance is made for natural infiltration amounting to 0.25 ACH, which is to be supplemented by a mechanical ventilation rate of about 0.25 ACH. It is assumed that the combined effect of the two ventilation modes is 0.35 ACH, due to the interaction of pressure effects. (See Sherman and Modera, 1986, Equation 3.) There is an unresolved issue regarding the consistency with which these ventilation rates must be provided: From an IAQ standpoint, is an average ventilation rate of 0.35 ACH adequate, or is a more consistent ventilation rate of 0.35 ACH necessary? This is a complex matter involving medical research into the adverse health effects of extended exposure to various pollutants. However, it seems clear that several hours of exposure to an unpleasant odor would be regarded as a problem. HUD 3280.103 requires "a minimum of 0.35 ACH continuously or at an equivalent hourly average rate." ASHRAE 62.2P gives mixed messages in this regard:
(1) "A mechanical ... system shall be installed to provide whole-building ventilation with outdoor air each hour at the rate specified..."
(2) "The intermittent mechanical ventilation system must operate at least one hour out of every twelve." (3) "If the cycle time is three hours or less, 1.0 can be used as the ventilation effectiveness."
The consistency requirement is an issue in both natural and mechanical ventilation systems.
In addition to the concern of introducing an adequate quantity of fresh air into a building, the distribution of that air within the building is also a concern. Air-Change Effectiveness, the degree to which a ventilation system delivers fresh air to all of the locations where it is needed, is addressed in ASHRAE Standard 129 (ASHRAE, 1997). Room-to-room distribution and air mixing within rooms are concerns in this regard. For example, Reardon and Shaw (1997) have compared a variety of residential ventilation systems based on multizone tracer gas testing. They conclude that "the local exhaustonly strategy ... [does] not provide adequate air distribution to the various individual rooms," and that "the rooms on the lower stories receive almost all of the outdoor air." In contrast with this conclusion, a modeling study of manufactured (one-story) homes by Persily and Martin (2000) shows reasonably good air distribution among rooms with a single-point exhaust fan. (The ratio of the room-to-room maximum to minimum airchange rates ranges from 1.3 to 1.6 in a variety of cases.) Various methods of testing multizone ventilation systems with single-and multiple-tracer gases are discussed by Sinden (1978) , Harrje et al. (1985 Harrje et al. ( , 1990 , and Fortmann et al. (1990) . Techniques include:
• Single-tracer (often sulfur hexafluoride (SF 6 )), decay tests may be used to determine air-change effectiveness based on age-of-air analysis (Rudd and Lstiburek, 2000) .
• Constant concentration single-tracer tests are used to determine rates of outside air entering each zone directly (See Harrje et al., 1985 Harrje et al., & 1990 Fortmann et al., 1990 ).
• Multiple-tracer tests are used to determine the matrix of airflow rates among the various zones and the atmosphere. These methods include the multitracer measurement system (MTMS) described by Sherman and Dickerhoff (1989) and the passive perfluorocarbon tracer (PFT) method described by Dietz et al. (1986) .
C. Energy Concerns
In addressing the goal of energy-efficiency in ventilation system designs, two modes of energy consumption are considered:
Heating and cooling energy: In cold weather, fuel is consumed in heating outside air to the comfort level. In hot or humid weather, electricity is consumed in cooling and dehumidifying outside air to comfort levels. Approaches to minimizing these loads include (1) avoiding excessive ventilation rates and (2) using various heat and moisture recovery schemes.
Air distribution energy:
Blower power, and therefore electricity, is consumed when air is moved mechanically in a building for ventilation purposes. This concern may be addressed by (1) considering the use of natural ventilation, (2) avoiding excessive ventilation rates, (3) integrating ventilation systems with forced-air heating and cooling systems, (4) using more efficient blowers and ducting systems, and (5) placing and designing supply and return registers to maximize ventilation efficiency/effectiveness.
D. Approaches to IAQ Control
The most common approach to controlling IAQ is to replace or dilute polluted indoor air with fresh air from outside the building. This may be accomplished by either passive means (natural ventilation) or active means (mechanical ventilation). However, because of the energy concerns discussed above, source control and air cleaning are also considered. These four approaches are discussed below.
Source Control
Any method of preventing pollution from a particular source from mixing with the air to which occupants are exposed is referred to as source control. One approach to source control is exclusion, in which the source itself is either eliminated or isolated from the indoor environment. Replacing a material that outgases (such as particle board) with another less polluting material is one example of exclusion. Encapsulating fiberglass insulation within an airtight enclosure is another example. A second approach to source control is capturing pollution at the source. A fume hood over a cook stove or a chemical work area is an example of capturing pollution at the source. With the systems engineering approach used in the Building America program, source control measures are coordinated with the design of the mechanical ventilation system, with advantages in overall performance.
Air Cleaning
Air cleaning is any method that removes pollutants from the air to which building occupants are exposed, without replacing it. Filtration and dehumidification are two examples of air cleaning.
Natural Ventilation
Natural ventilation is the circulation of air in and out of a building by natural forces, unaided by mechanical equipment. The two primary forces that drive natural ventilation are thermal buoyancy and wind pressure. Ventilation driven by thermal buoyancy is often referred to as the "stack effect." When the indoor and outdoor air temperatures are different, the respective air densities differ accordingly. In cold weather, the warmer, less dense indoor air escapes through cracks, vents, or open windows higher in the building, while the cooler, denser outside air enters lower in the building. In buildings cooled in hot weather, the circulation pattern is reversed. Wind-driven ventilation occurs due to pressure differences around the outside perimeter that arise when the wind blows on a building. Higher pressures on the upwind side(s) drive air in through cracks, vents, or open windows, while lower pressures on the downwind side(s) draw air out of the building. The amount of ventilation arising from the wind and stack effects may be estimated using AHRAE Standard 136 (ASHRAE, 1993) . A mathematical model developed at the Lawrence Berkeley National Laboratory (LBNL) (Sherman and Modera, 1986 ) is also useful in this regard. Diffusion of pollutants through the air might be regarded as an additional mode of natural pollutant removal, which would be active even 7 when the stack and wind effects are null. No mention of this effect has been encountered as yet in the current study. This may be regarded as a topic for further study and perhaps research.
The obvious advantages of natural ventilation are its simplicity, economy, and quietness. Mechanical equipment, with its associated first cost, fan energy consumption, and noise, is avoided. The main disadvantage is that the rate of outside air exchange varies widely in a somewhat uncontrolled manner. An effort may be made to design a building envelope for an annual average ventilation rate of 0.35 ACH. However, at times when the indoor and outdoor temperatures are similar and there is no wind, there is virtually no driving force for the ventilation, so IAQ may be inadequate. Then, during very cold or windy periods, excessive ventilation may result. Three key issues remain unresolved:
• Is the variability of the ventilation rate a problem? See discussion in Section I.B.
•
Does manual operation of windows or vents by occupants adequately control IAQ?
It would seem that occupants can be relied upon to make adjustments to accommodate their own comfort. However, outdoor conditions such as noise, dust, rain, or security risks may be deterrents to opening windows. If the outdoor temperature is, say 55° F, the stack effect may provide insufficient ventilation through cracks, but opening windows may create chilly drafts. If the outdoor temperature is, say 85° F, the stack effect may provide insufficient ventilation through cracks, but high humidity may require air conditioning, which precludes opening windows. Another concern is pollutants that might pose health threats, even though their presence is not perceptible to the occupants. (Would an occupant open a window because the concentration of radon gas is too high?)
• Which approach is more energy efficient? It is unfortunate that the heating or cooling energy consumption per cubic foot of outside exchange air is highest in extreme weather, when overventilation is likely, and lowest in mild weather, when underventilation is likely. This adds energy inefficiency to the problem of a variable ventilation rate. How does this effect compare to the energy consumption of fans used in mechanical ventilation systems?
Current practice in the production housing industry is moving in the direction of mechanical ventilation. ASHRAE 62.2P asserts that:
"A mechanical exhaust system, supply system, or balanced system shall be installed to provide whole-building ventilation... Other methods may be used to provide the required ventilation rates ... when approved by a licensed design professional."
The HUD standard 24 CFR Part 3280.103 asserts that:
• Each manufactured home shall be capable of providing a minimum of 0.35 air changes per hour continuously or at an equivalent hourly average rate.
• Natural infiltration and exfiltration shall be considered as providing 0.25 air-changes per hour.
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• The remaining ventilation capacity may be provided by: a mechanical system, or a passive system, or a combination passive and mechanical system.
Three states now require mechanical ventilation systems: Minnesota, Vermont, and Washington (Andrews, 2000) . All of the Building America teams are evaluating mechanical ventilation systems, which are discussed next. Even in a mechanical system, allowance for natural ventilation effects is part of the design process.
Mechanical Ventilation
A mechanical ventilation system uses one or more electrical blowers, and sometimes a system of ductwork, to move air in and out of a home. The primary advantage of this approach is the consistency and controllability of the rate of ventilation, provided that the building envelope is tight enough. If the natural ventilation rate is less than the desired amount of outside air at all times, then it is theoretically possible for a well-controlled mechanical ventilation system to consistently meet IAQ requirements without overventilating. Other advantages include opportunities to precondition outside air (filtration, dehumidification, preheating) and to apply various techniques of heat and energy recovery, as discussed below. The disadvantages are the cost of the mechanical equipment, the energy consumed by the blowers, the noise of operation, and perhaps maintenance requirements. Mechanical ventilation systems are of three basic types, as described below. Advantages and disadvantages of these approaches are summarized in Table 1 .
In an exhaust ventilation system, a fan is used to blow air out of the building. This creates a negative pressure within the building, relative to the outside air. Typically, a standard bathroom fan is upgraded to one that is suited for continuous (or timed) operation at a low speed, with a manual control that occupants may use to run the fan at high speed as needed. Makeup air enters the building either through cracks in the building envelope or through one or more passive vents. Advantages of this approach include:
+ The ease and economy with which it may be implemented.
+ The "transpired solar collector" effect: In cold weather, makeup air may be heated in its passage through a wall that is warmed by solar radiation.
Possible problems with this approach include:
-Combustion products that would normally be vented through chimneys may be drawn inside the building by the negative pressure differential. To avoid such backdrafting, sealed or power-vented combustion appliances may be needed.
-In hot, humid climates where air conditioning is used, warm, moist outside air drawn in through cracks may condense on cooler surfaces within the structure (walls, roof or attic), causing damage such as mold, mildew, or rot.
-Moisture and radon gas from the ground, CO from an attached garage, etc., may be drawn into the building by the negative pressure differential.
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In a supply ventilation system, a fan is used to blow air into the building. This creates a positive pressure within the building, relative to the outside air. Air leaves the building either through cracks in the building envelope or through one or more passive vents. In addition to avoiding the problems listed above for exhaust systems, supply systems have the advantage that:
+ The path of the incoming air is controlled; thus, it can be filtered, heated, or otherwise conditioned before it is introduced to the occupants.
Possible problems with supply ventilation include:
-In cold climates, the positive pressure differential may drive warm, moist air from the interior of the building out through cracks, where it may condense on cold surfaces within the structure (walls, roof, or attic), causing damage such as mold, mildew, rot, and ice buildup.
-Spot exhaust fans used in bathrooms, range hoods, and clothes dryers may intermittently create a negative pressure, defeating the effort to maintain a positive pressure and creating some of the problems listed above for exhaust systems.
In a balanced ventilation system, both intake and exhaust fans are used to maintain a neutral pressure within the building.
+ This approach may avoid all of the problems arising from either a positive or negative pressure difference (see exceptions, below).
Possible problems with balanced systems include:
-The expense of the additional equipment and electrical operating power.
-In some so-called balanced systems, the supply and exhaust fans are operated at different times, so that positive and negative pressures are created intermittently. In this report, these systems are referred to as "intermittently balanced" (see Sections II and III) . What is the cumulative effect of such intermittent pressure imbalances? Some of the same problems noted above for unbalanced systems will occur in intermittently balanced systems. For example, the drawing in of combustion products during depressurization will not be undone in the pressurized mode. Likewise, condensation caused in one mode may not be undone in the opposite mode.
-Whereas exhaust and supply systems achieve some degree of fresh air distribution by routing air through cracks in the building shell, a balanced system may require some additional ductwork to achieve this, depending on the configuration.
-Depending on the locations of the air supply and exhaust ports, room-to-room pressure variations may occur, possibly causing some of the problems of pressurized and depressurized systems.
All three of these basic system types are being evaluated by the Building America teams in various climates, as is discussed in Section III. Note: These system types are discussed in more detail in Section I.D.4.
E. Heat/Energy Recovery
In addressing the Building America goal of energy efficiency, there are several design options available for recovering heat, coolness, and moisture from exhaust air and/or preconditioning supply air with the same. With an air-to-air heat exchanger, incoming and outgoing ventilation air streams are brought into thermal contact in a device such as a crossflow (or other type) heat exchanger. In cold weather, the outgoing exhaust air preheats incoming outside air; in hot weather, the outgoing exhaust air precools incoming outside air. Two blowers may be used to drive the air streams, providing balanced ventilation to the home. An energy exchanger transfers moisture between the incoming and outgoing air streams, in addition to heat. This is usually accomplished with a rotating wheel, regenerative heat exchanger that has the additional capacity to absorb and release moisture. In either case, some sort of ductwork is needed to bring the exhaust and supply air streams together at the exchanger and to distribute the ventilation air throughout the house. In some designs, air is ducted to and from the main return duct. This raises the concern of possible short-circuiting of the ventilation air, resulting in very poor ventilation efficiency.
Another heat recovery option is the use of a heat pump to extract heat from the exhaust air. The recovered heat may be used for space heating or domestic hot water heating. An additional approach is tempering incoming air by channeling it through an earthcoupled air intake duct, i.e., an air duct buried in the ground. Because the ground temperature is generally more moderate than the outside air temperature, hot-humid air can be precooled in the summer, and cold air can be preheated in the winter with this approach. In all of the heat recovery schemes, design concerns include:
• The initial expense of the hardware; • The requirement for additional ductwork, with the associated cost and space requirements; • The power consumed by the device versus the energy saved;
• Maintenance requirements; and • Condensation of moisture in devices that cool air.
F. Control Strategies
Theoretically, with a tight enough building and mechanical ventilation, it should be possible to maintain adequate IAQ without detracting from energy efficiency by overventilating. In practice, a variety of control strategies are used to approach this goal. Some of these are as follows.
1.
Manual control by occupants. This approach is typically used with spot ventilators, such as bathroom fans and range hoods. It may also be used for whole-house ventilation, especially where an upgraded bathroom fan is used for this purpose. Advantages include simplicity, low cost, and the ability of occupants to have ventilation whenever they want it. A disadvantage is the likelihood of underventilation if occupants do not understand the need for whole-house ventilation, are not sufficiently sensitive to IAQ problems such as health risks and moisture damage, or forget to turn it on.
2. Continuous operation, 24 hrs/day. This approach has the advantage of consistency in maintaining some level of IAQ. One disadvantage is the power consumption of the constantly running fan. For an upgraded bathroom fan, this may amount to about 60 watts ($.10 per day at $.07 per kilowatt hour). In a forced-air-integrated 1 ventilation system, however, this may amount to several hundred watts. Also, ventilation is provided even when no one is home, which may not be necessary, 2 at the expense of both fan energy and heating or cooling energy.
3. Scheduled operation. With this strategy, the ventilation fan is run on a programmable daily schedule. Typically, this schedule coincides with normal hours of occupancy. This approach has the advantage of consistently and efficiently providing ventilation and consuming energy only when the ventilation is needed.
2 A disadvantage would be that any variation in the occupancy schedule (such as a sick day at home or a vacation away from home) would detract from the effectiveness of the control.
Duty cycle.
With this strategy, the ventilation fan is run for some period of time, typically 15 to 30 minutes, in each hour. Accordingly, the ventilation rate is adjusted so that the hourly average rate meets the requirement of the applicable standard. This approach provides consistency of ventilation similar to that of continuous operation, but with less fan power consumption. An example of this approach is the fan recycler control often used in force-air-integrated ventilation systems. The main blower is run for some minimum time each hour, even if heating or cooling is not needed. This regulation provides some ventilation in each hour while economizing on blower power, relative to running the blower continuously.
Thermostat control.
In forced-air-integrated ventilation systems, ventilation is provided when the main blower runs. If no other type of control is applied, ventilation occurs only when a heating or cooling load is being met. This approach has the advantage that no additional blower power is used for ventilation.
The main disadvantage is that little or no mechanical ventilation is provided during periods of mild weather. (Unfortunately, this is the same time when natural ventilation has the least effect, unless windows are opened.)
6. Occupancy sensor. Improving somewhat on the scheduled operation strategy, an occupancy sensor runs a ventilation fan whenever people are present. The advantage of this approach is that ventilation is provided when it is needed, and energy is conserved when ventilation is not needed (see footnote 2 on the previous page).
7. Demand control. With this approach, one or more sensors are used to detect pollutant levels and dynamically control the ventilation system to maintain pollutant concentrations below acceptable thresholds (Emmerich and Persily, 1997) . This approach is potentially the most energy-efficient ventilation control strategy that provides consistently adequate IAQ. Excessive ventilation is avoided at times of low occupancy or vacancy, whereas increased ventilation is provided at times of high occupancy. Because it is not practical to monitor and control all pollutants, demand-controlled ventilation systems use one or more surrogate indicators of IAQ. CO 2 concentration is used in this regard in some commercial buildings (Strindehag et al., 1990; Strindehag and Persson, 1989) and has been used experimentally in residential buildings (Koontz et al., 1995; O'Neill, 1995) . However, CO 2 control is generally regarded as impractical for residences because of the expense of the required sensor and the need for frequent sensor recalibration. Schell and Int-Hout (2001) report that the cost of CO 2 sensors has dropped about 50% in the past 3 years. Some research into lower-cost methods of demand control is underway (source confidential).
Humidistat control.
This type of controller is used to turn on a ventilation system when the indoor humidity exceeds some reference level.
9. Zone control. Because the occupants of a home are expected to be in bedrooms during certain hours and in other rooms during other hours, it may be energy-efficient to ventilate these areas on separate schedules. One of the Building America teams has used this approach, in conjunction with a zoned heating and cooling system. (See the description of the Crosswinds Community project in Section III.B.)
II. Common Ventilation System Configurations
Some basic configurations for mechanical ventilation systems are described in this section. A symbolic naming convention, adapted from Roberson et al. (1998, discussed in Section IV), is introduced here for subsequent use in summarizing the strategies of the various teams across the various climate zones. (See Table 2 , with further details given in Section III.) Note that a description of the five climate types cited in Table 2 is included in the Appendix.
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Ebr: Exhaust ventilation is provided by an upgraded bathroom exhaust fan that is designed for long life, low noise, and multispeed operation. A controller is used to run the fan at a low speed on a programmable timer schedule for whole-building ventilation, with a manual switch the occupants can use to run the fan at a higher speed for spot ventilation when desired.
Esp: Exhaust ventilation is provided by a single-port exhaust fan, centrally located in the building, that runs continuously or on a timer.
Emp: Exhaust ventilation is provided by a multiport exhaust fan that is ducted to several bathrooms. A controller is used to run the fan at a low speed on a programmable timer schedule for whole-building ventilation, with manual switches the occupants can use to run the fan at a higher speed for spot ventilation when desired.
Ssp: Supply ventilation is provided by a single-port supply fan, centrally located in the building, that runs continuously or on a timer.
Sfa: Supply ventilation is provided through the ductwork of a forced-air heating/cooling system. Outside air enters through a small duct that feeds into the main return duct near the air handler. This configuration is sometimes referred to as "forced-air-integrated supply ventilation." Sfa-f: An Sfa system in which an additional, smaller fan supplies outside air through a small duct that feeds into the main return duct near the air handler. This fan may be operated in conjunction with the air handler or on a separate timer control, depending on the design. Sfa-r: An Sfa system in which a fan recycler control ensures that the main blower runs for some time (typically 15-30 minutes) each hour, even if heating or cooling is not needed at that time.
Sfa-i: An Sfa-r system in which the conventional blower motor is replaced with a more expensive integrated control motor (ICM). 3 This type of blower runs more efficiently at lower speeds, reducing the blower power consumption for ventilation. Sfa-fr: A combination of the Sfa-f and Sfa-r approaches, using both an additional outside air supply fan and a fan recycler control.
Smp: Supply ventilation is provided through a multiport system of ventilation ductwork. A small fan supplies outside air to the duct system, either continuously or on a timer.
Bfa: Balanced ventilation is provided with an Sfa type of supply system plus an exhaust fan.
Bfa-r: Balanced ventilation is provided with an Sfa-r type of supply system plus an exhaust fan.
14 Bfa-i: Balanced ventilation is provided with an Sfa-i type of supply system plus an exhaust fan.
Bfa-f: Balanced ventilation is provided with an Sfa-f type of supply system plus an exhaust fan.
Bmp: Balanced ventilation is provided with an Smp type of supply system plus singleport exhaust fan.
Bhr: Balanced ventilation is provided with a heat recovery or energy recovery 4 ventilation unit.
i: Prefix indicates an intermittently balanced system, in which exhaust and supply fans may operate at different times.
+:
Suffix indicates additional advantageous features included in a particular design, as described in Section III.
$:
Prefix indicates a more expensive approach that may be more appropriate in a higher-price-range housing market.
Indicates a strategy that is less preferred by the team than other approaches.
III. Overview of Building America Team Activities
In the Building America program, all of the teams are engaged in ongoing testing of a variety of ventilation system types. In general, the teams are (1) constructing tight buildings, (2) providing mechanical ventilation systems, and (3) controlling the rate of ventilation to address the goals of IAQ and energy efficiency. However, the specific designs vary across climate regions and among the teams. The choice of an approach often involves a compromise between the engineering goals of the team and cost constraints that are imposed by the builders and the housing market. A summary comparison of these approaches is shown in Table 2 , with design details discussed below. The symbolic naming convention for the basic system configurations is defined in Section II, and a description of five climates that are cited is included in the Appendix. Heating and cooling systems are forced air, unless otherwise noted.
A. Building Science Consortium (BSC)
BSC recommends building envelopes with airtightness of less than 0.25 cubic feet per minute (cfm) per square foot of building surface area (including floor area below grade) at a pressure difference of 50 pascals (Pa), with no more than 5% duct leakage to the outside. Mechanical ventilation is provided for a rather conservative 10 cfm per person, unless a higher rate of up to 20 cfm per person is called for by the occupants or by special circumstances (e.g., pets). The preferred approach to ventilation is to make use of forced-air heating ductwork to distribute ventilation air throughout the building, in conjunction with a fan recycler control. Proper equipment sizing, lower velocity airflow, and strategic placement of air registers have avoided any cold draft problems, in 3 years of BSC experience. Variations of this basic approach, as described below, include supply, exhaust, and intermittently balanced ventilation systems. Several measures are applied to mitigate adverse effects of pressurization or depressurization:
• All combustion appliances within conditioned spaces are sealed.
• In supply systems, the outside air quantity is limited, in conjunction with the tightness of the shell, to limit the pressurization to about 0-1 Pa.
• The building envelope is designed to alleviate moisture problems. In cold climates, more permeable materials are used toward the outside of the shell to facilitate drying to the less humid outside air. In warm humid climates, the more permeable materials are located toward the inside of the shell to facilitate drying to the less humid indoor air.
• In cold climates, the indoor relative humidity is maintained at no more than 35%. Note: Symbols are defined in Section II, and particular designs are described in more detail in Sections III and IV.
Specific ventilation system designs are as follows:
Cold, Hot-dry, and Hot-humid climates: Sfa-r Central-fan-integrated supply ventilation is implemented by an outside air intake into the main return duct, with a fan recycler control to run the main blower on a prescribed duty cycle when heating or cooling demands are not running the fan. The amount of outside air is based on the estimated duty cycle, with an allowance for 0.1 ACH of natural ventilation. This approach was used in the Prairie Crossing project in Grayslake, Illinois, and in the Centennial Crossing project in Chicago, Illinois (Cold climate), in several projects in Hot-dry climates, 5 and in the East Hampton project in Jacksonville, Florida (Hot-humid climate).
Severe-cold climate: iBfa-r
In several projects in Minneapolis, 6 Minnesota, BSC applied an intermittently balanced ventilation approach. A single-point exhaust fan operates continuously, in conjunction with the intermittent operation of the central-fan-integrated supply approach described above.
Mixed-dry climate: Esp+
In the Lee Group/Braemar Urban Ventures, Village Green project in Los Angeles, California, single-point exhaust ventilation was used, with central fan recycling for air distribution.
B. Consortium for Advanced Residential Buildings (CARB)
The general approach pursued by CARB involves working with builders to reduce natural infiltration rates below 0.35 ACH. Mechanical ventilation systems are designed to provide up to 0.35 ACH. These systems are flexible in capacity, with opportunities to adjust fan speed and duty cycle for different levels of house tightness and occupant needs and preferences.
Cold climate: Emp, iBfa+, $Bfa-i+
For the Ryan Homes, Beaver Creek project in Rochester, New York, CARB installed exhaust ventilation systems. A multiport exhaust fan, installed in the attic, is ducted to exhaust vents in two bathrooms. Makeup air enters the building by infiltration through cracks in the building. A controller is used to run the fan at low speed on a programmable timer schedule, with manual switches the occupants can use to run the fan at high speed when desired. No open combustion systems are installed within the conditioned space. Both the water heater and the furnace are direct-vent sealed combustion systems located in the basement.
For the McStain Enterprises, MeadowView project in Longmont, Colorado, CARB installed a lower-cost version of the multiport exhaust fan, along with an outside air duct to the main return duct. This approach features single-speed fans with a Grasslin electromechanical timer control for establishing a duty-cycle for whole-house ventilation. Crank timers are installed in each bathroom for manual control of spot ventilation. Once again, both the water heater and the furnace are direct-vent sealed combustion systems located in the basement.
For the Andover Woods, Crosswinds Community project in Detroit, Michigan, CARB installed balanced ventilation systems. Outside air is drawn in through a small duct to the main return duct, and distributed to two zones within the building via the HVAC ductwork. Air is actively exhausted by a single upgraded bathroom fan. Two separate zone controllers run the air handler, bathroom fan, and a motorized damper in the outside air duct together on programmable timer schedules. The two-stage, sealed combustion furnace in the basement includes an electronically commutated motor (ECM) blower to reduce the blower power consumed for ventilation.
Hot-dry climate: iBfa+
For the Del Webb Corp., Sun City Grand project in the Phoenix, Arizona area, CARB installed intermittently balanced ventilation systems. A multiport exhaust fan, installed in the attic, is ducted to exhaust vents in two bathrooms. A 4-inch outside air duct to the return plenum includes an airflow regulator to limit the quantity of outside air brought in during air-handler operation. A controller is used to run the fan at low speed on a programmable timer schedule. Occupants can use manual switches to run the fan at high speed when desired. No open combustion systems are installed within the conditioned space. The atmospheric water heater (which also heats the home via a hydronic coil in the air stream) is installed in the garage.
C. Hickory Consortium
The general approach pursued by Hickory involves designing the building envelope for an annual average of about 0.2 ACH. Then, in determining the amount of mechanical ventilation to provide, the combined effect of natural and mechanical ventilation is estimated as follows: Qtotal = Qbal + Maximum of (Qunbal, Qws + .5 Qunbal)
where Qtotal = total ventilation rate Qbal = balanced mechanical ventilation rate Qunbal = either Qsupply or Qexhaust Qsupply = unbalanced mechanical ventilation rate due to supply Qexhaust = unbalanced mechanical ventilation rate due to exhaust Qws = average natural ventilation rate due to wind and stack effects
Cold climate: Ebr
In the CWC/Thomas Construction, Erie-Ellington project in Boston, Massachusetts, hydronic heating systems are used. Here, Hickory installed exhaust ventilation systems, using upgraded bathroom fans and relying on natural infiltration for the makeup air. A controller is used to run the fan at low speed on a programmable timer schedule. Occupants can use manual switches to run the fan at high speed when desired. Combustion appliances are sealed to prevent backdrafting.
Cold climate: iBfa-f
In two Epoch Corporation, urban in-fill projects in Cambridge, Massachusetts, forced-air heating is used. Here, Hickory installed intermittently balanced exhaust systems. The same type of bathroom exhaust fan and control described above is augmented in these projects with a supply fan in a small outside air intake duct to the main return duct. The supply blower is controlled by an independent timer. With this type of control, positive, negative, and neutral pressurizations occur on a random basis, according to the actions of the two independent timers. In the Cambridge co-housing project, there are no combustion appliances in the conditioned space. (A central, ground-water heat-pump system is used to supply the conditioned water to all the units.) In the Elm Street housing projects, sealed combustion units are used for generating heated water.
D. Integrated Building and Construction Solutions Consortium (IBACOS)
IBACOS describes its approach as "case-by-case," rather than promoting any particular approach to ventilation. The goal for airtightness is one of the variables, as noted in each case below. In addition to climate, the price range of the target housing market is a key factor in the design decisions. All houses have bath fans and kitchen hoods with ducted exhaust to outside. A variety of whole-house ventilation systems designs are described as follows.
Cold climate: Bhr, Bfa, Ssp, Sfa-r, Ebr
In Pulte Homes projects in Grand Rapids, Michigan, IBACOS installed two types of ventilation systems: 1. Balanced systems with heat recovery ventilation. Air is ducted to and from the main return duct by the heat-recovery ventilation (HRV) unit. Airtightness was tested as 4 ACH at 50 Pa. 2. Forced-air-integrated supply ventilation, with an outside air duct to the main return duct and a fan recycler control. Airtightness was tested as 4 ACH 50.
In the Farm Development project in Albany, New York, and in the Heartland project in Pittsburgh, Pennsylvania, IBACOS will install forced-air-integrated supply ventilation, with an outside air duct to the main return duct, a motorized damper, and a fan recycler control. Airtightness was designed for 4 ACH 50.
In the Summerset at Frick Park project in Pittsburgh, Pennsylvania, IBACOS will install exhaust ventilation systems using upgraded bathroom fans with a makeup air inlet in the basement. Radon pipes will be installed under the basement floor, and all combustion appliances will be sealed. The design infiltration rate is 2.5 ACH 50.
In the Estridge Homes project in Indianapolis, Indiana, IBACOS is comparing a variety of ventilation system designs. In addition to the Sfa-r and Bhr systems discussed above, these include: 1. Single-port supply ventilation is provided constantly to the foyer ceiling. 2. Forced-air-integrated balanced ventilation is provided by an air exchanger, which exhausts air from the basement and supplies outside air to the main return duct.
Mixed-humid climate: Sfa, Sfa-r, Bhr,
In several projects in the Mixed-humid climate region, IBACOS installed forced-airintegrated supply ventilation, with an outside air duct to the main return duct. These include:
1. The Hedgewood Properties, Edmund Park project in Atlanta, Georgia: Fan recycler, no motor damper, tested 6 ACH 50. 2. The Venture Homes, Cyprus Club project in Atlanta, Georgia:
No fan recycler, no motor damper, tested 8 ACH 50 3. The Fortis project in High Point, North Carolina:
Fan recycler, motorized damper, designed for 4 ACH 50.
In the Hedgewood Homes, New American Home project in Atlanta, Georgia, IBACOS used an energy recovery ventilation unit ducted to the main air return of two air-handling units (AHU's). Airtightness was tested as 6 ACH 50.
Hot-humid climate: Sfa-fr
In a Medallion Homes, Mainland Square pilot house in San Antonio, Texas, IBACOS installed forced-air-integrated supply ventilation. A supply blower feeds outside air into the main return duct. A fan recycler controller operates both the air handler and the fresh air intake fan at least 25 or 30 minutes per hour. Airtightness was tested as 4 ACH 50.
Hot-dry climate: Bhr, Sfa-fr
In a U.S. Army, Yuma, Arizona Proving Ground demonstration house, balanced ventilation will be provided by an HRV unit that exhausts air from a bathroom and supplies fresh air to the main air return duct. Airtightness was designed for 2 ACH 50.
In the RGC, Civano project in Tucson, Arizona, IBACOS installed forced-air-integrated supply ventilation, with a supply blower feeding outside air duct to the main return duct and a 24-hour timer control (less sophisticated than a fan recycler control). Airtightness was tested as 2.7 ACH 50.
E. Industrialized Housing Partnership (IHP)
IHP works primarily with builders of manufactured housing, where the goal of cutting costs seems paramount. Low-cost exhaust ventilation systems are used in almost all cases to meet the Department of Housing and Urban Development (HUD) code mechanical ventilation requirement (HUD 1994) . Combustion appliances are generally in the conditioned space. Furnaces and waters are generally in closets with provisions for outside combustion air, whereas wood fireplaces generally do not have outside combustion air. Two projects in different climate regions are described below. -cold, Cold, and Mixed-humid climates: Ebr IHP provides technical assistance to "Super Good Cents" manufactured housing in the Pacific Northwest region, including Idaho, Montana, Oregon, and Washington. Their general approach is to design the building envelope for about 0.2 ACH, and to provide an additional 0.25 ACH of mechanical ventilation to meet the HUD standard. Exhaust ventilation is implemented with an upgraded bathroom fan (1.0 sone noise rating), which is controlled by a programmable timer or an on-off switch at the discretion of the occupants. Make-up air enters the building through leakage paths in the building envelope. Occupants are provided with instructions and well-labeled controls.
Severe

Hot-humid: Esp, Sfa
In the southeastern United States, builders of manufactured housing are experiencing serious problems with moisture damage. This appears to be the result of a combination of factors prevalent in standard practice:
• The use of exhaust ventilation systems. An upgraded bathroom fan is installed in a utility room or hallway, with make-up air entering through cracks in the building.
• Leakage of air supply ducts to the outside and inadequate return air transfers, which further depressurizes the building.
• A vinyl veneer on the inside wall surface, behind which condensation causes mold and mildew growth.
So far, builders have expressed interest in intervention by the Building America program only to the extent that it addresses this existing problem, without increasing construction costs. IHP is working with several manufacturer partners on several remedial measures:
• Sealing air ducts and providing adequate return air transfers, to mitigate the depressurization of the building.
• Encouraging the use of supply ventilation, by means of an outside air duct feeding into the main air return. (This provides ventilation only when the air handler operates.)
In these homes, the design goal for airtightness is 0.75 to 1.0 cfm per square foot of floor area at 50 Pa (about 0.2 to 0.3 natural ACH in Florida), and the design goal for the mechanical ventilation system is 10 cfm per person.
IV. Modeling Studies
Several studies have been published in which a number of mechanical ventilation system designs are analyzed with computer simulation models and compared on the basis of performance and economics. The assumptions and methodologies vary widely among these studies, as do the conclusions. It appears that ventilation issues are so complex that, even under diligent analysis, the choice of a preferred approach is highly sensitive to a set of assumptions that are debatable. It is the opinion of this author that none of these studies definitively establishes a "best" approach to ventilation in any climate. Nonetheless, the recommendations are included in Table 2 , in order to illustrate the diversity of ventilation strategies that are being recommended.
In a study entitled "Recommended Ventilation Strategies for Energy-Efficient Production Homes" conducted at LBNL (Roberson et al., 1998) , nine candidate ventilation system configurations were simulated across four climate regions using the RESVENT 7 and DOE-2 computer simulation models with typical meteorological year (TMY2) weather data. The systems are compared based on (1) total annualized cost, including capital and operating costs, (2) pressurization of the building, and (3) distribution of ventilation air within the home.
The study concludes with specific system configuration recommendations for each climate. An interesting conclusion of this study is the recommendation of independently ducted multiport supply ventilation systems (Smp), as an alternative to forced-air-integrated systems. Quoting from Roberson et al. and adding notation per Section II:
All climates except Cold: Smp "Based on the assumptions and analysis described in this report, we recommend independently ducted multiport supply ventilation in all climates except cold because the strategy provides the safety and health benefits of positive indoor pressure as well as the ability to dehumidify and filter ventilation air."
Cold climate: Bmp "In cold climates, we recommend that multi-port supply ventilation be balanced by a single-port exhaust ventilation fan ..."
Cold climate: $Bhr "… and that builders offer balanced heat recovery ventilation to buyers as an optional upgrade."
All climates except cold, alternate design: (Sfa-r) "For builders who continue to install forced-air integrated supply ventilation, we recommend ensuring ducts are airtight or in conditioned space, installing a control that automatically operates the forced-air fan 15-20 minutes during each hour that the fan does not operate for heating or cooling …"
All climates except cold, alternate design: ($Sfa-i)
"… and offering ICM forced-air fans to home buyers as an upgrade.
Some questions relating to these findings are still under investigation and include:
• The relative performance and cost-effectiveness of multiport (Smp) versus forced-airintegrated (Sfa) supply ventilation systems;
• The discrediting of depressurized systems in all cases; and
• Specific cost, configuration, and operation assumptions that are embedded in the analysis.
In a more recent study at LBNL, entitled "Selecting Whole-House Ventilation Strategies to Meet Proposed ASHRAE Standard 62.2: Energy Cost Considerations" (Wray et. al, 2000) , four ventilation strategies were simulated across 22 climates using the RESVENT and DOE-2.1E models with TMY2 weather data. The systems are compared based on the ventilation operating cost-per-unit floor area. For existing homes that are relatively leaky, the study does not recommend mechanical ventilation. For new construction, the recommendations are as follows:
Esp or Ebr
The study recommends single-port exhaust systems or upgraded bathroom fans in many cases.
Bhr
For hot-humid climates, very tight envelopes, or cold climates with high energy prices, the study recommends HRV.
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This study does not address some important considerations, other than operating cost, in selecting a ventilation approach, such as:
• Ventilation effectiveness, i.e., the distribution of fresh air to all parts of the house; and
• The effects of depressurization (or the cost of mitigating the effects) on combustion backdrafting, garage fumes, or radon gas infiltration (moisture problems are addressed).
In a third study entitled "A Modeling Study of Ventilation in Manufactured Houses," conducted at the National Institute of Standards and Technology (Persily and Martin, 2000) , the two most prevalent approaches to ventilation in manufactured housing -Ebr and Sfa -were simulated using the multizone airflow and contaminant dispersal model CONTAM. The recommendations involve how to allow for natural infiltration in the design, mechanical ventilation control strategy, and the reduction of duct leakage. However, they do not indicate the choice of one system type over another.
In an additional modeling study by Rudd (1998) , a forced-air-integrated supply ventilation system is compared economically with the alternative of a separate continuous supply fan, over a wide range of climates. The results indicate that "net annual heating, cooling, and central fan operation costs ranged from $36 to $54 more for the central-fan-integrated system" with air ducts remaining in unconditioned spaces, and "ranged from $50 more to $33 less for the central-fan-integrated system" when moving the ducts into the conditioned space was included with the forced-air-integrated strategy.
V. Unresolved Issues
In this effort to compile an overview of residential ventilation systems, a number of unresolved issues have surfaced. In this section, these issues are described, as may be helpful in identifying needs for further research.
Ventilation Consistency Requirement
The ASHRAE standards specify minimum infiltration rates. How consistently must these rates be maintained in order to avoid adverse health effects? A definitive answer to this question may require research in the medical field. This concern applies to both natural and mechanical ventilation systems. See further discussion in Section I.B.
Exhaust Ventilation Safety
Exhaust ventilation systems are widely used in the Building America program, with some in each climate zone. This seems to be primarily due to the low cost of these systems. The teams generally use sealed venting of any combustion appliances in conditioned spaces. However, this addresses only one of the numerous concerns about exhaust ventilation (e.g., moisture, radon gas, fumes from garage; see Section I.D.4 Forced-Air-Integrated Systems Issues A common approach to ventilation is to use the heating and cooling ductwork and blower to distribute outside air throughout the home. Usually, a small outside air duct feeds into the main return duct. This approach has some advantages: (1) a low first cost, (2) good ventilation effectiveness, in that fresh air is delivered to all rooms, and (3) positive house pressure, which is preferred in many cases. One of the concerns with this approach is the expense of running the main blower to provide ventilation even when heating or cooling is not needed (or underventilating at those times). More efficient ECM or ICM blowers can be used to reduce the operating expense, but these add substantially to the first cost and are seldom used. How economical are these systems, as typically installed and operated? Another potential problem is that air leakage from supply ducts outside of the pressure envelope may create a negative pressurization in the house, defeating the effort to maintain positive pressure. This appears to be the case in manufactured housing, where the ductwork is typically installed under the floor. How reliably are these systems maintaining positive house pressure? These questions may best be answered with field testing.
Intermittently Balanced Systems
In Section I.D.4, a "balanced" ventilation system is defined as one in which both intake and exhaust fans are used to maintain a neutral pressure within the building. In some systems, intake and exhaust fans are run at different times. For example, an upgraded bathroom exhaust fan may run on a timer schedule, while a forced-air-integrated supply system may run on a separate fan recycler control or merely based on thermostat operation. To what extent do these "intermittently balanced" systems mitigate the problems associated with positive and negative pressurization?
Cost Constraint
Resistance to the adoption of new technologies that cost more can be significant. Given this constraint, the teams have had limited success marketing anything but the least expensive ventilation systems. Approaches such as consistently balanced systems, heat and energy recovery, and separate ventilation ductwork are rarely applied, and demand-controlled ventilation is virtually unheard of in residences. How can more effective approaches to residential ventilation best be promoted in the marketplace?
"Best" Approach to Ventilation
The goals of the Building America program include energy-efficiency, comfort, health (air quality), and affordability. The design of a ventilation system involves trade-offs among these goals. For example, the most energy-efficient design that provides the most consistent air quality is not the least expensive design. Furthermore, the health implications of variable versus consistent and uniform IAQ are not well understood (see "Ventilation Consistency Requirement," above). It seems unlikely that all interested parties can even agree on an explicit definition of "best," let alone a determination of a best approach. It may make more sense to evaluate various systems on the basis of how well they meet each of the four goals, without trying to rank them.
Mechanical versus Natural Ventilation
There is definitely a trend toward tighter building envelopes and the use of mechanical ventilation systems in production housing. All of the Building America teams are pursuing this approach; three states require it; and the new draft ASHRAE residential ventilation standard nearly requires it. This seems to be a good trend, in that it promotes more consistent ventilation. However, the value of the added consistency is difficult to evaluate, because of the ambiguity of the ASHRAE standards in this regard.
Diverse Approaches
There is no consensus among the Building America teams as to the preferred approach to ventilation. Supply, exhaust, and balanced systems have each been installed in a wide variety of climates. All of the teams have some variation in their approaches, with IBACOS expressing the most diversity. BSC favors forced-air-integrated supply systems. CARB has used exhaust systems in cold climates and balanced systems in various climates. IHP prefers climate specific solutions; they have used exhaust systems in colder climates and are encouraging the use of supply systems in humid climates. Hickory uses both exhaust and intermittently balanced approaches. This experimental phase is useful in gaining a better understanding of the issues involved. However, there is also a need to converge on more specific guidance to the building industry regarding recommended designs, when enough experience has been gained to serve as a basis for such recommendations.
Analyses are Inconclusive
The modeling studies that are cited in Section IV have not conclusively identified preferred approaches to ventilation in various climates. Because of the numerous unresolved issues in ventilation, the assumptions that are necessary for such an analysis are open to debate and difficult to resolve. (See, for example, "'Best' Approach to Ventilation," above.)
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